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(RBPs), such as TIA-1 and TIAR. Notably, many signaling molecules, such as mTOR and RACK1, are recruited to SGs and/or influence their assembly, which is transient, lasting only until the cells adapt to stress or die (Arimoto, Fukuda, Imajoh-Ohmi, Saito, & Takekawa, 2008; Thedieck et al., 2013; Wippich et al., 2013) . Thus, much attention has been dedicated to better understand the components of SGs and delineate the mechanisms of assembly and disassembly of SGs.
We have been working on signaling pathways related to the regulation of MAPK signaling in fission yeast and isolated several mRNA-binding proteins as posttranscriptional regulators of gene expression. These include Nrd1 and Rnc1, both of which act to stabilize mRNAs encoding the Cdc4 myosin light chain and the Pmp1 MAPK phosphatase, thereby controlling cytokinesis and MAPK signaling, respectively (Satoh et al., 2009; Sugiura et al., 2003) . Rnc1 has recently been shown to shuttle between the nucleus and the cytoplasm thereby stabilizing target mRNAs by the Rae1-dependent mRNA export system (Satoh et al., 2017) . Importantly, the Rnc1 KH domain mutant with abolished RNA-binding ability exhibited nuclear accumulation similarly to the nuclear export mutant Rnc1 NES , thus highlighting the importance of its mRNA-binding ability in conjunction with its intracellular localization. Intriguingly, Nrd1 turned out to be a component of SGs (Satoh et al., 2012) . This finding prompted us to further investigate the Rnc1 localization in response to environmental stresses. Here, we showed that Rnc1 is a new addition to the components and regulators of SGs. Importantly, Rnc1 may play dual roles in SG assembly, dependently or independently of its RNA-binding activity. The Rnc1 KH1, 2, 3GD mutant protein was shown to display impaired RNA-binding (Satoh et al., 2017) . The Rnc1 KH domain mutation stimulated SG assembly in response to HS, whereas the KH mutant protein abolished Pabp-containing SG aggregation when overproduced. Possible mechanisms of this discrepancy involving Rnc1-mediated SG assembly will be discussed.
| RESULTS

| Rnc1 is a component of stress granules
To examine the possible functions of Rnc1 in SG formation, we determined the subcellular localization of Rnc1 in response to environmental stimuli. In unstressed cells, chromosomally integrated GFP-tagged Rnc1 (Rnc1-GFP) was localized diffusely in the cytosol as shown here (Figure 1a ; untreated) and previously (Satoh et al., 2017) . Upon exposure to thermal stress for 20 min, small dots were clearly observed throughout the cytoplasm (Figure 1a ; 42°C 20 min). Exposure of cells to arsenite (As), a well-known chemical used to induce SGs in mammalian cells, also induced the Rnc1-positive dots (Figure 1a ). In addition, Rnc1-positive dots are also formed in cells treated with CdCl 2 , H 2 O 2 and KCl (Figure 1a) . We further carried out a quantitative analysis of Rnc1-positive granule numbers/cell for each stress. Heat stress induced the strongest stimulation of Rnc1-positive granules (22.9 ± 1.4). Arsenite induced the second strongest effect on Rnc1 granule formation (11.5 ± 1.9), followed by CdCl 2 (6.2 ± 1.4). In contrast, H 2 O 2 (0.5 ± 0.1) and KCl (0.9 ± 0.3) had a significantly weaker effect on granule formation as compared with the other stimuli examined.
We also investigated the fate of Rnc1 dots in the recovery process from the heat stress. After 1 hour of recovery from thermal stress (Figure 1b ; 42°C→27°C 1 hr), approximately half of the Rnc1 granules had resolved, with visible fluorescence of the persisting Rnc1 granules still observed 1 hour after HS (11.1 ± 0.5). After 2 hours of recovery from thermal stress, Rnc1 granules had almost disappeared (0.4 ± 0.2; 42°C→27°C 2 hr). Thus, Rnc1 granule formation is reversible.
In mammalian cells and in both budding and fission yeasts, poly(A)-binding protein (Pabp) is an SG marker (Brengues & Parker, 2007; Kedersha, Gupta, Li, Miller, & Anderson, 1999; Nilsson & Sunnerhagen, 2011) . Thus, we used tdTomato-tagged Pabp, the major poly(A)-binding protein of S. pombe, to examine its colocalization with Rnc1. For this, we constructed a strain expressing Rnc1-GFP and Pabp-tdTomato expressed from their respective endogenous loci. In unstressed cells, both Rnc1 and Pabp were localized diffusely in the cytosol (Figure 1c ; untreated). Heat stress induced the colocalization of the fluorescence of Rnc1-and Pabp-positive dots in the cytoplasm (Figure 1c ), thus indicating that Rnc1 is a novel component of SGs.
To determine the role of Rnc1 in SG assembly, we examined the effect of Rnc1 deletion on the assembly of SGs. The accumulation of the Pabp-positive granules after heat stress in wild-type (WT) cells and Rnc1 deletion cells was compared. The accumulation of the Pabp-positive granules (Pabp-GFP) upon temperature upshift was significantly inhibited in Rnc1 deletion cells (Figure 1d) . A quantitative analysis of Pabp-positive granule numbers/cell was carried out, and the number of granules in Rnc1 deletion cells was approximately 50% of that in the WT cells (Figure 1d , lower column), indicating that Rnc1 plays an important role in SG formation.
| The KH domain mutant Rnc1 was recruited more efficiently to HS-induced SGs
Our previous results showed that the KH domain mutation abolished RNA-binding activity of Rnc1, and the Rnc1 KH1,2,3GD mutant protein exhibited nuclear localization due to its failure to be exported by the mRNA export factor | Genes to Cells
Rae1. We thus investigated the effect of the KH mutation on Rnc1 recruitment to SG in response to HS. Upon HS, a significant number of the RNA-bindingdefective Rnc1
KH1,2,3GD translocated to SGs only after 3-min exposure to thermal stress (6.8 ± 1.2), whereas only a small number of the WT Rnc1 (1.7 ± 0.7) were observed to form granules ( Figure 2a ; 42°C for 5 min). Quantification of the Rnc1 granules and the Rnc1 KH1, 2, 3GD granules showed that the KH mutant Rnc1 protein translocated to the dots more efficiently than the WT Rnc1 protein during thermal exposure. In addition, the KH mutant Rnc1 persisted longer after the stress was shut off, as shown by the visualization and quantification of the fluorescence of both the WT and the mutant Rnc1-GFP dots during the recovery process from the temperature upshift ( Figure 2b ). Notably, when cells were exposed to H 2 O 2 and KCl, two stresses which had a significantly weaker effect on granule formation, Rnc1 KH1,2,3GD failed to form granules (Supporting Information Figure S1 ). This is in clear contrast to the responses as induced by HS, As and CdCl 2 , wherein the Rnc1 KH1,2,3GD mutation facilitates the granule formation. Thus, RNA-binding activity of Rnc1 is important for SG formation, when cells were stimulated by H 2 O 2 and KCl treatment, whereas HS, As and CdCl 2 stimulated Rnc1 granules independently of its RNA-binding property. These stresses may stimulate distinct signaling pathways and induce Rnc1 granule formation. Genes to Cells SATOH eT Al.
| Rnc1 OP stimulated Pabp-positive SG assembly in an RNA-binding activity-dependent manner
We next examined the effect of Rnc1 OP on the assembly of SGs. For this, we expressed GFP-tagged Rnc1 under the control of the nmt1 promoter, which is repressed in the presence of thiamine. In the absence of stress, Rnc1 OP stimulated numerous dots, which colocalized with PabptdTomato ( Figure 3a ; overexpressed for 16 hr). When Rnc1 was further overproduced (20, 24 hr), Pabp formed larger aggregates, and Rnc1 was observed to colocalize with Pabp ( Figure 3a) . Thus, Rnc1 OP stimulated Pabp-positive granule formation in the absence of stress. In clear contrast, when GFP-Rnc1 KH1,2,3GD was overproduced, it no longer exhibited dot-like structures, nor did it induce the assembly of Pabp-positive granules. Instead, Rnc1 KH1,2,3GD diffusely localized in the cytoplasm with a little enrichment in the nucleus (Figure 3a) . Thus, the RNA-binding ability is required for the assembly of Pabp-positive granules induced by Rnc1 OP and for the Rnc1 recruitment to the granules. This clearly contrasts to the observed effects of Rnc1 KH mutation on the HS-induced SG assembly, wherein the KH mutation rather induced SG assembly.
To investigate the mechanisms of the Rnc1-mediated Pabp-positive granule assembly, we analyzed the phosphorylation of the translation initiation factor eIF2α, which is an important prerequisite and a key determinant for the SG assembly. Various extracellular stimuli (heat, As, H 2 O 2 , CdCl 2 and KCl), which stimulated Rnc1 granule formation (Figure 1a) , efficiently induced eIF2α phosphorylation (Figure 3b) . Notably, Rnc1 OP also induced massive phosphorylation of eIF2α in an unstressed condition (Figure 3c ). The phosphorylation levels of eIF2α become higher in correlation with the duration time of Rnc1 OP (Figure 3c ). In contrast, Rnc1 KH1,2,3GD failed to induce eIF2α phosphorylation (Figure 3c ). It should be noted that the expression levels of the WT Rnc1 and the mutant Rnc1 KH1,2,3GD , as estimated by anti-GFP antibodies, were similar during the course of their overexpression. Moreover, the protein levels of Pabp were not affected by overexpression of Rnc1 nor Rnc1 KH1,2,3GD . Thus, Rnc1
OP, similar to HS, may influence translation via its RNAbinding, thereby inducing Pabp-positive SG assembly. Alternatively, Rnc1 overexpression, by controlling its target mRNAs, may affect stress signaling pathways and/or stress responses, which may induce eIF2α phosphorylation. Importantly, puromycin was known to induce SG assembly through the translational inhibition (Kedersha et al., 2000) , and the overexpression of Rnc1, but not that of Rnc1 KH1,2,3GD , induced growth inhibition (Figure 3d ). We thus favor the former hypothesis that Rnc1 OP may influence translation via its RNA-binding property.
To clarify the distinct influences of the Rnc1 KH mutation on the HS-induced SG assembly and Rnc1 OP-induced SG aggregation, we visualized Rnc1/Rnc1 KH1,2,3GD and Pabp under thermal stress. For this, cells coexpressing either Rnc1-GFP and Pabp-tdTomato or Rnc1
KH1,2,3GD
-GFP and Pabp-tdTomato, from their endogenous promoters, were grown in Edinburgh minimal medium (EMM) and subjected to HS (42°C). Notably, upon HS for 5 min, the WT Rnc1 (Figure 3e, arrows) was recruited to the dot-like structures more quickly than Pabp (Figure 3e, arrowheads) . Rnc1 dots can be visible upon 3 min heat stress (Figure 2a) , whereas Pabp granules need more than 10 min to be fully visualized as dots (Figure 1d) . Importantly, Rnc1 KH1,2,3GD -GFP, similar to the WT Rnc1-GFP, was found to colocalize with Pabp upon HS (Figure 3e) , again showing the differences in the mechanisms of SG assembly mediated by HS and Rnc1 OP.
| DISCUSSION
In this study, we analyzed the intracellular localization of the KH-type RNA-binding protein Rnc1 in relevance to stress responses and showed that Rnc1 is a novel component and a regulator of SGs. We further presented several lines of evidence, suggesting the existence of two distinct modes of SG assembly mediated by Rnc1.
Rnc1 was recruited to SGs upon HS, colocalizing with a representative SG marker Pabp. In addition, Rnc1 deletion impaired SG assembly, whereas Rnc1 OP stimulated SG assembly, clearly indicating that Rnc1 plays a key role in SG assembly. One important feature of Rnc1 in terms of SG assembly is that it is recruited to dot-like structures faster than Pabp (Figure 3e) , suggesting that it serves as a core protein of SG assembly at its very early stage. This feature is consistent with the finding that Rnc1 overexpression stimulated Pabppositive SG assembly in unstressed conditions.
Another striking observation is that Rnc1 may play dual roles in SG assembly, dependently or independently of its RNA-binding activity. HS-induced Rnc1 translocation to SGs apparently does not require its RNA-binding activity. Rather, Rnc1 KH1,2,3GD translocated more efficiently to SGs than WT Rnc1. In clear contrast, Rnc1 overexpression-mediated SG assembly requires its RNA-binding as Rnc1 KH1,2,3GD overexpression was unable to recruit Pabp. How does an RNA-binding protein mediate two distinct modes of SG assembly? RNA granules, including SGs, are microscopically visible cellular structures that aggregate by protein-protein and protein-RNA interactions. In mammals, a well-known regulator to promote SG assembly is TIA-1, harboring RNA recognition motifs (RRMs). TIA-1, similar to Rnc1, promotes SG assembly when overproduced (Kedersha et al., 1999) . Importantly, the glutamine-rich prion-related domain (PRD) of TIA-1 is responsible for the induction of SGs, the formation of self-aggregates and recruitment of TIA-1 to SGs (Gilks et al., 2004) . Intrinsically disordered regions (IDRs), by mediating low-affinity protein-protein interactions, have emerged as essential mechanisms that form SGs, and PRD is a class of IDRs that is essential to SG physiology with implications for neurological diseases (Fan & Leung, 2016) . The amino acid sequence of Rnc1 revealed the presence of two disordered regions (Supporting Information Figure S2 ). Thus, although Rnc1 does not possess a PRD, the structural feature of Rnc1, including IDRs, may be involved in self-aggregation and/or induction of SG assembly, by mediating protein-protein interactions, irrelevant of its RNAbinding ability.
Rnc1 OP stimulated self-aggregation, eIF2α phosphorylation and Pabp recruitment in an RNA-binding-dependent manner. Thus, stress-independent Rnc1 aggregation may need RNA as a component, whereas HS-induced Rnc1 aggregation may not need RNA. Although SG assembly usually requires the stress-induced phosphorylation of the translation initiation factor eIF2α, some RBPs induce SGs independent of eIF2α phosphorylation. Previously, overexpression of RasGAP SH3-binding protein (G3BP) has been reported to induce SG formation in a dose-dependent manner, and assembly of large G3BP-induced SGs precedes phosphorylation of eIF2α (Reineke, Dougherty, Pierre, & Lloyd, 2012) . Thus, translational repression and eIF2α phosphorylation did not appear until large G3BP-induced SGs were formed. Of interest, the double-stranded RNAdependent protein kinase PKR was responsible for the induction of eIF2α phosphorylation by G3BP-induced SGs (Reineke et al., 2012) . Thus, whether Rnc1 OP-induced eIF2α phosphorylation is a prerequisite for SG assembly | Genes to Cells SATOH eT Al. or Rnc1 OP induced SG formation downstream of eIF2α phosphorylation via an unidentified kinase is an important issue to be clarified.
Finally, although Rnc1 can be recruited to SGs upon various stimuli, it should be mentioned that there seems to exist distinct modes among Rnc1 granule formation. As shown in Supporting Information Figure S1, 
| EXPERIMENTAL PROCEDURES
| Strains and media
Schizosaccharomyces pombe strains used in this study are listed in Supporting Information Table S1 . The complete medium (yeast extract with supplements [YES] ) and the minimal medium (Edinburgh minimal medium [EMM]) have been described previously (Moreno, Klar, & Nurse, 1991) .
| Growth conditions and stress treatment
Cell cultivation and stress treatments were carried out as previously described (Satoh et al., 2012) .
| Microscopy and miscellaneous methods
Light microscopy methods, such as differential interference contrast (DIC) and fluorescence microscopy, were carried out as described (Kita et al., 2004) .
| Image quantification
Quantification of the granule foci was carried out for three individual datasets which summed up to 150 counted cells.
| Protein expression
For protein expression in yeast, the thiamine-repressible nmt1 promoter was used (Maundrell, 1990) . Expression was repressed by the addition of 4.0 μg/ml thiamine to EMM and was induced by incubating the cells in EMM lacking thiamine. The GFP-fused gene was subcloned into the pREP1 vector.
| Protein extraction (alkaline extraction) and detection
Cell extract preparation was carried out as previously described (Kushnirov, 2000) . The following primary antibodies were used: anti-α-tubulin (Sigma-Aldrich, USA), anti-phospho-S 52 -eIF2α (Thermo Fisher Scientific, USA),
anti-eIF2α (Santa Cruz Biotechnology, USA), anti-tdTomato (Medical & Biological Laboratories, Japan) and anti-GFP (derived from rabbit serum) (Satoh et al., 2009) . As secondary antibodies, goat horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG antibodies (Cell Signaling Technology, USA) were used.
